traces the origin of this mixing to an energy resonance and improved overlap of interacting orbitals for NH 3 ligands. The possibility of probing this anomalous mixing with valence-to-core X-ray emission spectroscopy (V2C XES) is discussed.
Introduction
In the course of searching for an inverted ligand-field splitting [1] , we had occasion to look at the electronic structure of a seemingly normal series of Group 12 M(II) complexes d [M(EH 3 ) 4 ] 2þ , E ¼ N, P, As, Sb, Bi; M ¼ Zn, Cd, Hg. Phosphine (PH 3 ) complexes are uncommon, but PR 3 ligands are a workhorse of coordination and organometallic chemistry [2e6] . The ammine (NH 3 ) complexes are common, especially the Zn ones, and a typical structure of these complexes is shown in Fig. 1 . The orbital mixing in these [M(NH 3 ) 4 ] 2þ ions, however, turns out, as we will see, to be atypical.
Usually, EH 3 , E ¼ Group 15 elements, are considered classic Lewis bases: s-donor ligands that bond with metals primarily through high-lying lone-pair orbitals localized on the E atom. In a 4-coordinate complex with rigorous T d symmetry, the lone pairs generate symmetry-adapted a 1 þ t 2 orbital combinations. These then interact with metal orbitals of the same symmetry and induce t 2 -e splitting, leaving the e-type (n-1)d orbitals as noninteracting orbitals (see Fig. 2 ) [7] . As Landis and Weinhold have pointed out [8] , the contribution of the metal np orbitals to the two low-lying t 2 levels is small. EH 3 ligands are not thought to engage in p-bonding, but a detailed orbital analysis in this work suggests reconsideration of this perspective, at least for some E. In addition to the lone pair on E, the EH 3 ligands contain three delocalized E-H bonding orbitals, shown in Fig. 3 for NH 3 , with a 1 þ e symmetry in the C 3v point group of the ligand, and a set of corresponding E-H antibonding orbitals.
The e combination, containing N 2p x/y , has p symmetry, so we will call the orbital set s p ; in contrast, the a 1 combination contains N 2s and 2p z and we call it s s . In these two labels, the inline s indicates the NeH bond type, while the subscripts s and p characterize the symmetry of the orbitals with respect to NeM bonding when NH 3 serves as a ligand.
In the T d point group of the [M(EH 3 ) 4 ]
2þ ions, the eight s p orbitals combine to form e, t 1 , and t 2 symmetry-adapted orbitals. Five (e, t 2 ) of the eight can interact with the valence d-orbitals of the metal, in the standard p-bonding picture of tetrahedral complexes familiar to the community for 50 years [9] . While p-type metalligand bonding is important for p-acceptors such as CO, CN describes the composition of the molecular orbitals (MOs) as percentage contributions from the metal (M%) and the four ligands' (4L %) orbitals. We use DFT with the M06 functional to generate the results reported here, and provide additional details of calculations in the Theoretical Methods section at the end of the paper. The low orbital energies stem from the þ2 charge of the ionic complexes. We probed the effect of the overall charge by calculations on a neutral [Zn(PH 3 ) 4 ](BF 4 ) 2 molecule. As expected, the orbital energies increase, but the orbital character remains essentially unchanged. Table 1 includes a larger number of interacting orbitals than are shown in Fig. 2 . The corresponding modified version of the interaction diagram that includes the s p orbitals of the ligands is shown in Fig. 4 . Note that in this diagram, the metal orbital energies are lowered to reflect the þ2 charge concentrated on the electropositive metal center.
ML 4 bonding occurs mainly through the a 1 MO, a bonding combination of the M ns and the PH 3 lone pairs with 35:65, 33:67, and 26:74 M:4L mixing in the three phosphine ions. The t 2 highest occupied MO (HOMO) is less involved in bonding, and has contributions mainly from the ligand lone pairs, with a small admixture (4e7%) of M np (with bonding character) and (n-1)d (with antibonding character).
It is clear from Table 1 that the PH 3 s p orbitals are largely unchanged from the individual ligand orbitals. We label these orbitals noninteracting (ni). The ni, t 1 þ t 2 þ e, s p set is never split by more than 0.22 eV, and is 96e100% localized on the four ligands for the Group 12 dication series.
To summarize, the orbitals of [M(PH 3 ) 4 ] 2þ are textbook d dative bonding to the metal is largely through the phosphine lone pairs, and the PH 3 s p orbitals do not engage in p-bonding. We also calculate the structure of the phosphine ion complexes and find some interesting features; these are discussed in a separate section below.
The unusual behavior of ammine ligands
Having set the stage with the PH 3 ligand, one can appreciate our surprise when we investigated the nature of bonding for a similarly "normal" ligand, ammonia. Like the phosphine complexes, the geometrical structures of ammine complexes are also calculated and will be discussed below.
The calculated MOs involving s p in the three tetraammine dication complexes are far from pure ligand or pure metal. As Table 3 .
It is interesting to note that the overlap and off-diagonal matrix elements roughly satisfy the WolfsbergeHelmholz relation: [11] 
with K ranging from 1.36 to 1.43 for the phosphine (1.43 to 1.50 for the ammine) ions. The proportionality of the off-diagonal Hamiltonian matrix element to the overlap is also at the heart of the extended Hückel theory [12] , a method that has served one of the authors well over the years. The e MO energies and NPA results obtained within this contracted orbital space are in quantitative agreement with those obtained from the fully optimized electronic structure results in Table 1 , and serve to demonstrate the adequacy of this orbital space.
The (n-1)d and s p energies (F d and F sp ) in the upper half of Table 3 differ by more than 2.3 eV, with the (n-1)d being lower. These significant energy gaps impede s p -(n-1)d interactions. The is not large enough to substantially mix the s p and 5d. Turning now to the ammines and their noticeable s p -(n-1) d mixing, a similar analysis can be used to explain the mixings seen in Table 2 . This makes the s p -(n-1)d interaction stronger than in the phosphine complexes.
In Fig. 5 , we show schematically the orbital interaction of ; note how "covalent" they appear.
Can the anomalous orbital mixing be observed?

The s p -(n-1)d mixing in the e MOs of [M(NH 3 ) 4 ]
2þ does not affect bond strengths or geometries. Any bonding effects due to the low-energy e MO are counteracted by the antibonding effects of the high-energy e MO, as they are both occupied. In other words, the bonding and antibonding e MOs, not that different in energy, may be recombined to form pure, noninteracting metal d orbitals and ligand s p orbitals, leaving the Kohn-Sham determinant and the electron density of the complex ion unchanged.
Still, the mixing is substantial in the canonical orbitals. Can it be observed experimentally? Valence-to-core X-ray emission spectroscopy (V2C XES) provides, in principle, a way [18e21]. When Xray photoionization generates a hole in one of the core orbitals of the metal, 2p say, both the electrons from either bonding or antibonding e MOs can fill the hole by energetically demoting with concomitant photon ejection. Since the donor orbitals in these cases both have significant metal d contributions, substantial transition dipole moments follow. Two distinguishable e-to-core transitions in V2C XES would strongly support the s p -(n-1)d mixing. Complications from splitting of M 2p by spineorbit coupling (SOC) can be mitigated by photoexcitation at energies between the well-separated 2p 1/2 (L 2 ) and 2p 3/2 (L 3 ) edges, yielding a state with a principally 2p 3/2 core hole.
We note that the energy splitting between the two e MOs does not exceed 1.8 eV in Table 2 for the three ammine ions. Given current technical limitations, such a modest splitting will be difficult to resolve in V2C XES measurements. Also, distinguishing between e-to-core transitions and the close-lying t 2 -to-core transitions may prove challenging. This is especially true for [Hg(NH 3 To elaborate on this idea, we calculate the valence-to-2p 3/2 emission spectra for the ammine and phosphine ions, shown in Fig. 7 (Figs. S1 and S2 in the Supporting Information provide the decompositions of the transition profiles to the constituent transitions). As expected, the main transition peaks corresponding to the e-and t 2 -to-2p 3 , although the bonding e MO has less metal contribution (41:59, Table 2 ) than the antibonding e, the adjacent bonding t 2 MO has more metal contribution (58:42, Table 2 ) than the antibonding t 2 . The three-fold degeneracy of the t 2 MO versus the two-fold degeneracy of the e MO make the former more dominant and places the main peak at a lower energy of 1006 eV, which corresponds to the bonding MO, with the antibonding shoulder at 1007 eV. The shoulder is not much lower than the main peak intensity, reflecting the fairly balanced metal and ligand distributions in the bonding and antibonding MOs.
Within the phosphine ions, [Hg(PH 3 ) 4 ] 2þ contains more s p -(n-1)
d mixing (Table 1) than the other two and it features the broadest The lowest e and t 2 levels (t 1 and the second lowest t 2 also) are close in energy (Table 2) and their relative positions in this schematic diagram do not represent their actal energy ordering. distribution of valence-to-2p 3/2 transitions. It is noteworthy that the little peaks at the highest energy arise from HOMO t 2 -to-2p 3/2 transitions, reflecting the magnitude of lp-(n-1)d antibonding mixing. Although those transitions are more pronounced in ammine than in phosphine ions, they should not be considered evidence of s p -(n-1)d mixing.
Overall, the differences between the ammine and phosphine ions in the calculated valence-to-2p 3/2 emission spectra are obvious and should be discernable in real spectra. The anomalous s p -(n-1) d mixing in the ammine ions is an observable phenomenon. [22] . However, MÀP distances are available for other PR 3 ligands in the coordination sphere of Zn and Hg, and our calculated bond lengths deviate from them by about 0.1 Å, generally satisfactory agreement. For PH 3 , there is a significant opening up of the HePeH angle from 93 to 102 in the complexes. This seemingly "counter-steric" trend is interesting and is explained as follows: to form a stronger dative bond with M 2þ , the PH 3 lone pair requires more 3p character, so as to "protrude" more towards the metal. The hybridization change is in accordance with Bent's rule [24] that a p-block atom's hybrid orbital directed towards an electronegative atom carries more p character; the metal dication "ligand" is highly electronegative.
Structures: an intriguing bond angle effect
Correspondingly, we expect less P 3p character in the PH bond pairs. Indeed, the s:p character ratio in the P hybrid of the PH bond pair natural bond orbital [10] HePeH angle is thus a result of the rehybridizing P in the ion complexes.
The R-P-R angle also widens upon coordination; a flattening of the PR 3 geometry. An unusual Cd(OR) 2 (THF) 2 compound is square-planar at Cd [33] , but the CdeO(THF) distances are long, so that the molecule is close to a 2-coordinated Cd(II) complex with weakly coordinated bases. The kinetics and mechanism of stereoisomerization of bisebidentate complexes of Zn(II) and Cd(II) (and other ions) have been carefully studied by Minkin, Nivorozhkin, Korobov, and their coworkers [34] . A variety of mechanisms was observed, including dissociation-recombination, associative, and intramolecular stereoiosmerization. Cd(II) offers some carefully worked out examples of the last, the intramolecular process, with relatively low barriers [37] .
We The interaction we observe computationally has little effect on the geometries of the compounds. Yet it is striking and surprising. We discuss the possibility of using V2C XES to experimentally observe the s p -(n-1)d mixing. Devising further experiments to observe the anomalous orbital mixing we uncovered is an interesting subject for future research.
Theoretical methods
Density function theory (DFT) calculations using the M06 [35] functional and the SPK-TZP [36e45] basis sets were carried out to optimize the structures of all phosphine and ammine ions with center metals Zn and Cd and obtain their orbitals. For the ions with Hg center, the SARC-DKH [46] basis set is used for Hg and cc-pVTZ [47] basis sets are used for nonmetal atoms. The third order Douglas-Kroll Hamiltonian [48, 49] is used to treat the relativistic effects. The convergence criteria for self-consistent field iteration and geometry optimization are 10 À6 and 10 À5 a.u., respectively. In the calculations of the V2C XES in Fig. 7 , the def2-TZVP-ZORA basis sets [50] are used, and the associated two-component Hamiltonian handles the spineorbit coupling explicitly. All calculations except for the V2C spectra were done using the GAMESS-US [51, 52] quantum chemistry program package. The V2C spectra are obtained using ORCA [53] . Gaussian functions with 1 eV full width at half maximum (FWHM) are used to broaden the calculated transition spikes shown in Figs. S1 and S2 in the Supporting Information to the transition profiles shown in Fig. 7 . [31] . d Experimental NH 3 bond length and bond angle [32] .
